With nanotechnology dissemination, nanomaterials' (NMs) release into the environment is inevitable and may adversely affect the wastewater treatment processes. Among the NMs, the iron oxide nanoparticles have a considerable commercial potential, mainly because their magnetic properties, high catalytic ability and antimicrobial activity. However, few studies have examined their potential effect on the biological wastewater treatment. In this process, ammonium-oxidizing bacteria (AOB) are sensitive to the presence of inhibitory compounds and are useful as biosensors to assess contaminant toxicity information. Thus, this work aimed to assess the effect of commercial magnetite nanoparticles (Fe 3 O 4 -NPs) on AOB activity. Kinetic experiments were carried out where AOB were exposed in a short-term period (14 h Scanning electron microscopy images revealed that NPs remained incorporated in the biomass (sludge). These results suggest that NPs can reach the environment through sludge disposal, mainly in cases of the reuse as soil fertilizer.
INTRODUCTION
The number of products containing manufactured nanomaterials (NMs) has grown rapidly in recent decades, with more than 1,800 commercial products already on the market according to Vance et al. () . Global NMs market was valued at $3.4 billion in 2014 and is expected to reach $11.8 billion by 2020 showing a compound annual growth rate of 23.1%. The application areas of NMs include industrial and services sectors. As examples, it can be cited the use of carbon nanotubes, metallic and semiconductor nanoparticles (ABDI , ).
However, with the spread of nanotechnology, the release of NMs to the environment is inevitable and may occur through point or diffuse sources and via direct introduction into the environment, when these materials are used for remediation (EPA ). The small size of the NPs (1-100 nm) facilitates the transport and diffusion to the atmosphere, soil and water, hindering its removal by conventional techniques, facilitating their entry and accumulation in living cells (Wiesner et al. ; Som et al. , ) . When present in wastewater treatment plants (WWTP), if the NPs remained stable, they will be released to the aquatic environment; whereas, if incorporated in the sewage sludge, they can affect the terrestrial environment (Brar et al. ) . Furthermore, the presence of NPs themselves can negatively affect the WWTP, deteriorating the effluent water quality (Hwang et al. ) .
The most extensively studied NMs include silver nanoparticles, followed by metal oxides (i.e. zinc, titanium, cerium, silicon and iron) and carbon nanotubes. In a model simulation, it was predicted that an average of 4.77 tons of silver NPs per year may be dumped into landfills (Mueller & Nowack ) and the concentration in effluent and sludge of WWTPs was estimated to be around 21 ng L À1 and 1.55 mg kg À1 , respectively (Gottschalk et al. ) .
Regarding titanium dioxide nanoparticles (TiO 2 NPs), the global production is estimated to be around 88,000 tons a year (Keller et al. ) (Zhu et al. ) . Nevertheless, despite the increasing use of IONPs few studies have been conducted to evaluate its impact on the biological WWTP (Zhu et al. ; Ni et al. ) , where nitrifying bacteria has been identified as one of the most sensitive species (Yang et al. ) .
In WWTPs, two different groups of bacteria mediate the nitrification process: ammonium-oxidizing bacteria (AOB) for oxidation of NH 4 þ to NO 2 À (Equation (1)) and nitriteoxidizing bacteria (NOB) for oxidation of NO 2 À to NO 3 À (Equation (2)) (Wiesmann et al. ) , as follows:
Overall reaction:NH
Due to the high sensitivity, AOB have been used in several studies to assess the potential effects caused by toxic compounds, acting as biosensors. Recent works have displayed that the activity of AOB can be affected by the presence of NMs (Yang et al. ; Michels et al. ) , but studies evaluating the effect of IONPs are scarce. Thus, this study aimed to evaluate the impact of Fe 3 O 4 -NPs on the activity of an AOB community, enriched from an activated sludge system.
MATERIAL AND METHODS

Nanoparticles
Uncoated Fe 3 O 4 -NPs supplied as a black nanopowder, with a purity of 98.0% and a published particle size between 20-30 nm, were purchased from SkySpring Nanomaterials, Inc. (Texas, USA). In order to confirm the manufacturer information, NPs' morphology was observed with transmission electron microscope (JEOL JEM-1011 TEM 100 K) at Central Laboratory of Electronic Microscopy (UFSC, Brazil). Initially, the samples were diluted with isopropanol, sonicated for 5 min, evaporated at room temperature on a carbon-coated copper grid (Mesh200-CF200Cu, Electron Microscopy Sciences Company, USA) and visualized by TEM.
Enriched AOB culture and medium
The inoculum was collected from an activated sludge system, on WWTP of the city of Florianópolis (SC, Brazil). The culture was grown in an acrylic reactor (5.0 L), kept in 32 ± The reactor was operated as a fed batch, with four cycles per day, which had 6 h (5 h of reaction and 1 h for settling and discard) and intermittent aeration (15 min aerated/ 45 min non-aerated) as a strategy to maintain NOB inhibition. The cycle and each period associated to it have a specific goal. First, 6 h of reaction (four cycles per day) were performed to achieve a stable process with advanced sludge age, resulting in greater diversity and biological stability in terms of species composition compared to sludge with reduced age (Bressan et al. ) . This is widely desirable when the objective is to obtain an enriched biomass for performing kinetic assays to assess bacterial activity. And second, short periods of aeration followed by longer anaerobic periods help AOB to grow faster than NOB. The replacement volume was 250 mL by cycle (hydraulic retention time (HRT) of 5 days). Occasionally, approximately 30% of biomass was removed from the reactor to perform kinetic experiments. This action also contributed to avoid the complete ammonium oxidation. With these operational conditions, the levels of nitrite to nitrate conversion remained at only 1%.
Aeration was provided using an air stone connected to an air pump (BIG AIR model A420). The pH ranged from 7.6 to 8.0. Peristaltic pumps were used to fill (MILAN, model Reduction of NO 2 À -N production rate
To calculate the specific production rates of nitrite (q NO À 2 ÀN ), it was considered that biomass concentration, measured through volatile suspended solids (VSS) analysis, was constant during the experiment (0.5 ± 0.01 gVSS L À1 ), once nitrifying bacteria have a slow specific growth velocity. By plotting graphs of nitrite production against time (Figure 2) , it was found the tangent of straight line with the highest angle, and determinate the straight-line equation (Supplementary information, available with the online version of this paper). That equation gave us the nitrite production rate, which was normalized by the concentration of biomass, resulting in the specific nitrite production rate during the batch experiment. After, the reduction of NO 2 À -N production rate (IC) was calculated according to Equation (4):
where: 
Analytical determinations
The nitrogenous forms (nitrite and nitrate) were determined through colorimetric methods (HACH DR 5000 UV-vis spectrophotometer). Analytic kit Nitriver2 (HACH Company) and the salicylic acid method (Cataldo et al. ) were used to determine nitrite and nitrate concentrations, respectively. Suspended solids (total and volatile) analysis was carried out in accordance with APHA (). Although to be well documented that magnetite is a stable metallic oxide, with low solubility, the soluble iron content was determined in order to verify if the experiment conditions affect iron solubilization from the NP studied. Thus, analytic kit FerroVer (Hach) was used to measure its concentration.
RESULTS AND DISCUSSION
Nanoparticles characterization
The morphology and size of the NPs were investigated by TEM. It is noticed through the Figure 1(a) that the particles are spherical, being in accordance with the specifications provided by the manufacturer. From the micrographs, the size distribution of NPs was measured. The size distribution frequency (Figure 1(b) ) was between 30 and 50 nm around 85-90% for Fe 3 O 4 NP and the mean diameter found was approximately 40.43 nm.
The occurrence of particle aggregation effect could be observed. This effect was reported before by Zhu et al. () and can be a function of the NPs concentration in solution. Thus, with the increase of the NP concentration in the solution, they become more aggregated and, consequently, there is higher settling velocity.
Exposure assays
The presence of NPs in WWTP may result in inhibition of some bacterial species responsible for the biological treatment, such as those present in activated sludge, hindering the process efficiency (Wang et al. ) . In this study, to assess the impact of Fe 3 O 4 -NPs, the AOB were exposed to different concentrations of NPs and evaluated regarding to their nitritation kinetics. The nitrate formation was negligible during tests remaining below the detection limit. Thus, along the kinetics, the nitrite amounts (product of the ammonium oxidation) were monitored.
Measuring the nitrite production, it was possible to calculate the q NO À 2 -N (Table 1 ). An expressive reduction of the specific production rate of nitrite (mg NO 2
was observed in the Fe 3 O 4 -NPs presence (Figure 2 ). With the increase of 0.2 to 1.0 g L À1 of NPs concentration, it was observed that a decrease in the specific production rate of nitrite from 28.74% (19.67 ± 0.5 mg NO 2 À -N g
Through Figure 3 , it can be observed that the concentration that reduces 50% of NO 2 À -N production rate (IC-50), which was estimated to be around 0.483 g L À1 .
The possible mechanisms of IONP toxicity are attributed (Figure 3) can be justified by the use of a mixed culture, where many species that compose the biomass may have different sensitivities to the NPs studied. The addition of Fe 3 O 4 -NPs to the AOB culture medium resulted in the formation of aggregates that were present in the bottom of the reactor, remained aggregated to the biomass, as showed by SEM images (Figure 4) . This aggregation and sedimentation phenomenon was previously reported (Zhu et al. ) and is similar to other NPs, including Cu, Ag, TiO 2 , ZnO, Al 2 O 3 and fullerene NPs (Zhang et al. ) .
Ni et al. () evaluated the effect of magnetic NP on the activated sludge process in a laboratory scale SBR reactor during a short-term period of 7 days. They observed that indicating clearly the microbial activity inhibition. According to these authors, in activated sludge WWTP the adsorption onto biomass is believed as being one of the primary mechanisms of pollutants removal, and this adsorption process causes the accumulations of these contaminants in the sludge. In this study, a lower amount of total soluble Fe was observed (∼0.4 mg L À1 ) for all samples, including the control, probably due to the iron presence in micronutrients medium, suggesting no release of iron ions from NPs. Through SEM images (Figure 4 ), it can be seen that addition of NPs to the culture medium resulted in the formation of aggregates that remains attached to nitrifying biomass. It can notice that the higher NP concentration, the higher is NP attachment to bacterial surface. When observing The results observed in our study are relevant, once NPs reach the environment depending on the final sludge destination techniques: reuse as soil fertilizer, landfills disposal or incineration (Blaser et al. ; Brar et al. ) . For example, if biosolids containing NPs are applied to the soil, NPs can be transported with the water used for irrigation or remain adsorbed in the soil (Hou et al. ; Westerhoff et al. ) , depending on environment conditions. A study conducted by Yang et al. () showed that earthworms ingested nanoparticles of cupper (Cu-NPs) from soil, indicating that the presence of NPs in soil could be a way to enter the food chain. Landfilling of biosolids may result in soil and groundwater contamination via leachate release. Thus, incineration seems to be the technique that presents a minor exposure risk (Blaser et al. ) . Walser et al. () assessed the transformations of NMs based on cerium oxide (CeO 2 ) during biosolids incineration, showing that these NMs did not become a fixed part of the residues and did not demonstrate any physical or chemical changes. The CeO 2 was not released into the atmosphere, but it was recovered in residues that are usually disposed of on landfills.
Also, it can be mentioned that after the entry into the environment, NPs can undergo a variety of modifications of their properties influencing its behavior in the environment, such as transport destination and potential of toxicity. Finally, these changes should be considered during the assessment of the environmental impact caused by nanoparticles.
CONCLUSIONS
It is evident that the release of NMs into the environment tends to be inevitable and, until now, almost nothing is known about the bioavailability, biodegradability and toxicity effects. Moreover, the studies who report the possible effects of these compounds on environmental systems are few. This work showed that AOB activity decreases in the presence of high amounts of Fe 3 O 4 -NPs and the nanoparticles stayed strongly aggregated to bacterial biomass. It is worth mentioning that, until this moment, there are no studies reporting the effects of magnetite nanoparticles on AOB communities, which are among the groups of microorganisms with the greatest influence on the biological WWTPs performance. Finally, once present in WWTP, NPs can accumulate in the environment (mostly in soil) and eventually reach higher concentrations, similar to those tested here.
